Recombination between homologous, but non-allelic, stretches of DNA such as gene families, segmental duplications and repeat elements is an important source of mutation. In humans, recent studies have identified short DNA motifs that both determine the location of 40 per cent of meiotic cross-over hotspots and are significantly enriched at the breakpoints of recurrent nonallelic homologous recombination (NAHR) syndromes. Unexpectedly, the most highly penetrant form of the motif occurs on the background of an inactive repeat element family (THE1 elements) and the motif also has strong recombinogenic activity on currently active element families including Alu and LINE2 elements. Analysis of genetic variation among members of these repeat families indicates an important role for NAHR in their evolution. Given the potential for double-strand breaks within repeat DNA to cause pathological rearrangement, the association between repeats and hotspots is surprising. Here we consider possible explanations for why selection acting against NAHR has not eliminated hotspots from repeat DNA including mechanistic constraints, possible benefits to repeat DNA from recruiting hotspots and rapid evolution of the recombination machinery. I suggest that rapid evolution of hotspot motifs may, surprisingly, tend to favour sequences present in repeat DNA and outline the data required to differentiate between hypotheses.
INTRODUCTION
It has long been known that illegitimate recombination between paralogous sequences (non-allelic homologous recombination, or NAHR) can be a major source of pathogenic mutation in eukaryotic genomes. In Drosophila, repeat DNA, including transposable elements (TEs) and the short repeats associated with centromeres and telomeres, typically occurs in regions of reduced crossing-over (Charlesworth et al. 1986; Rizzon et al. 2002) . There are two possible explanations for the association: reduced selection against NAHR in regions of low recombination or a reduction in the efficacy of selection (Dolgin & Charlesworth 2008) . To date, however, there is little consensus as to which force is more important. In contrast, in largely selfing species, such as Arabidopsis thaliana and Caenorhabditis elegans, recombination seems to be less of an important force in shaping TE distribution than gene density (Duret et al. 2000; Wright et al. 2003) . In humans, recent efforts to map the fine-scale structure of recombination rate variation (The International HapMap Consortium 2005) have shown a more complex picture with some repeat elements showing increased rates of crossing-over (Myers et al. 2008) . These findings suggest a very different model for the coevolution of repeat sequence and recombination in humans. Here, I summarize the evidence in humans that recombination may, in some cases, actually be promoted in certain types of repeat DNA and speculate as to the evolutionary processes that have led to this situation.
A SEQUENCE MOTIF FOR HUMAN RECOMBINATION HOTSPOTS IS HIGHLY ACTIVE IN REPEAT DNA
In humans and most other eukaryotes meiotic recombination events are clustered into short 1-2 kb regions known as recombination hotspots ( Jeffreys et al. 2001) . Such hotspots typically occur every 50 -100 kb and lead to a cross-over event approximately once in every 1300 meioses (Myers et al. 2008) . However, given that double-strand breaks (DSBs) are resolved as gene conversion events rather than crossovers in a ratio of 4-15 : 1 (Jeffreys & May 2004) , DSB formation at hotspots is considerably higher and, for the hottest hotspot in the genome, with a recombination fraction of 1 cM (The International HapMap Consortium 2007; Webb et al. 2008) , the rate could be as high as one in two meioses. Although nearly 20 hotspots have been characterized experimentally through studies of sperm and, with lower resolution, through pedigrees (see Coop & Przeworski 2007 for a recent review), much of our understanding of the genomic distribution of hotspots has come from studying patterns of genetic variation (McVean et al. 2004; Myers et al. 2005 Myers et al. , 2008 . These analyses have demonstrated systematic influences on the location of recombination hotspots, including a tendency to *mcvean@stats.ox.ac.uk One contribution of 16 to a Theme Issue 'The population genetics of mutations: good, bad and indifferent' dedicated to Brian Charlesworth on his 65th birthday.
Phil. Trans. R. Soc. B (2010 Soc. B ( ) 365, 1213 Soc. B ( -1218 Soc. B ( doi:10.1098 Soc. B ( /rstb.2009 cluster near promoter regions but actively avoid transcribed regions (McVean et al. 2004; The International HapMap Consortium 2007) . Comparisons of patterns estimated from sperm and from variation data suggest that male and female hotspots typically coincide (Myers et al. 2005) , despite considerable differences at the megabase scale in their genetic maps (Broman et al. 1998; Kong et al. 2002) . The identification of large numbers of well-mapped recombination hotspots has enabled detailed searches for sequences important in determining their location. Initial analyses identified two sequences, the 7 mer CCTCCCT and the 9 mer CCCCACCCC as being enriched in hotspots (Myers et al. 2005 (Myers et al. , 2006 . Subsequent work, focusing on the 7 mer, extended the motif to a degenerate 13 mer, CCNCCNTNNCCNC (hereafter referred to as the 13 mer motif), with additional, though weaker, context-dependent effects that show a remarkable 3 bp periodicity suggestive of an interaction with zinc-finger DNA-binding proteins (Myers et al. 2008) . The activity of the degenerate 13 mer motif is also influenced by extended background and bases present at the degenerate sites. For example, the most penetrant version of the motif, the 'core 13 mer motif ' CCTCCCTNNCCAC, on the background of a THE1B repeat element leads to a detectable hotspot 70 per cent of the time (Myers et al. 2008) . For THE1 elements, the presence of the degenerate motif leads to a 10-fold increase in average recombination rate, compared with a more modest two to threefold increase on L2 elements and three active Alu subfamilies (AluY, AluSg and AlusX; see figure 1 ). Combined, the presence of the hotspot motif on these highly penetrant backgrounds determines approximately 10 per cent of all hotspots. In contrast, the presence of the core motif in unique DNA leads to a hotspot only 10 per cent of the time and explains only 1.3 per cent of all hotspots (Myers et al. 2008) .
Additional support for the role of the 13 mer motif in determining hotspot activity has come from sperm studies. Analysis of experimentally characterized hotspots has identified the 13 mer within 20 bp of the centre of three hotspots and within 300 bp of the centre of a fourth. Of the 17 experimentally characterized hotspots, there is evidence for polymorphism in hotspot activity at four. In two of these (DNA2 and MS32) mutations that co-segregate with hotspot activity disrupt either the degenerate 13 mer motif or a subset of the core 13 mer motif ( Jeffreys et al. 1998; Jeffreys & Neumann 2002) ; in NID1 there is a polymorphism that disrupts the distinct 9 mer described above ( Jeffreys & Neumann 2005) , and in the fourth there are no apparent sequence differences between the hot and cold alleles (Neumann & Jeffreys 2006) . Combined, these results indicate that the 13 mer motif identified is an essential determinant of hotspot activity (for example, through recruiting DSBs) in 40 per cent of hotspots. There is unlikely to be a single explanation for the remaining hotspots. Rather, multiple pathways to hotspot activity must be acting in a manner similar to the situation in yeast (Petes 2001) .
In addition to allelic recombination, there is evidence to suggest that the 13 mer motif also plays a role in recurrent NAHR syndromes and other forms of genome instability. In NAHR, cross-over events occurring between paralogous sequences lead to duplication, loss or more complex rearrangements that disrupt gene activity. Analysis of the breakpoints of the six common NAHR disorders with an occurrence rate of 1 in 10 000 to 1 in 2000 where breakpoints have been mapped multiple independent times (Charcot-Marie-Tooth disease: CMT1A; neurofibromatosis: NF1, Sotos syndrome, Smith -Magenis syndrome, Williams -Beuren syndrome, X-linked ichthyosis) revealed the presence of the 13 mer motif in the low-copy repeats in all cases (Myers et al. 2008) . Previous work has also established coincidence of hotspots for allelic and non-allelic recombination at the NF1, CMT1A and hereditary neuropathy with pressure palsies NAHR hotspots (Lindsay et al. 2006; Raedt et al. 2006) . In addition, the 13 mer motif is found in hypervariable minisatellites where the mutability appears to arise from within the array and is associated with recombination activity (Myers et al. 2008) . Unexpectedly, the 13 mer motif also occurs at the breakpoints of the 'common deletion' in mitochondrial DNA, a recurrent somatic mutation of 5 kb associated with specific syndromes but which also accumulates in ageing (Myers et al. 2008) .
These findings establish a link between the programmed events of DSB formation and recombination (both gene conversion and cross-over) in meiosis and the unprogrammed, often pathogenic processes of NAHR and hypermutability. In the light of such a connection, the presence of highly penetrant forms of the 13 mer motif on repeat elements such as THE1 and LINE2 elements (figure 1) appears to be 'poor design'. The estimated activities of the different 13 mer motif/background combinations and the rate of gene conversion imply that in every meiosis tens of DSBs will occur in repeat DNA (based on an average of 30 cross-over events per generation, a ratio of geneconversion to cross-over of 10 : 1 and the figure of 10 per cent of hotspots being driven by highly penetrant motif/repeat-DNA combinations). In each case there is the potential for NAHR between paralogous members of the family. Such considerations raise two questions. First, is NAHR occurring among dispersed members of these (typically short) repeats? Second, why do not the deleterious consequences of NAHR select for the avoidance of sequence motifs present in repeat sequence?
NAHR AMONG SHORT REPEAT ELEMENTS IS AN IMPORTANT PROCESS IN GENOME REARRANGEMENT AND EVOLUTION
Repeat-mediated NAHR deletion and duplication events leading to deleterious phenotypes have been described for many genomic disorders (Deininger & Batzer 1999; Gu et al. 2008 ). For example, major NAHR hotspots for both Charcot-Marie Tooth Disease and Williams -Beurens Syndrome occur at repeat elements (L2 and AluY, respectively). However, in these and most other cases where NAHR hotspots have been defined, the hotspot is embedded in a much longer low-copy repeat (also referred to as segmental duplications), typically of 10 kb or longer and of extremely high identity; often 99 per cent or higher. Breakpoints of segmental duplications and of rare copy-number variable regions (particularly deletions) are enriched for repeat elements (Cooper et al. 2007; Vissers et al. 2009 ). However, the presence of microhomology at breakpoints (as opposed to extended homology) suggests a mitotic, as opposed to meiotic, origin for the majority of mutation events and the role of non-homologous end-joining or stalled replication forks (Vissers et al. 2009; Zhang et al. 2009 ). The implication is that the short-repeat elements that comprise 40 per cent of the human genome are, by themselves, rarely sufficient to generate meiotic NAHR events leading to pathogenic phenotypes.
A different picture arises when considering the potential for NAHR to generate non-pathogenic rearrangements. Comparison of the human and chimpanzee reference genomes identified nearly 500 human-specific deletion events that could be attributed to illegitimate recombination between Alu elements (typically not in extended low-copy repeats) (Sen et al. 2006) . This figure suggests a rate of at least one event every 300 meioses or a per-copy rate in the range of 10 29 to 10 28 per generation (assuming a split-time of 4 Myr for humans and chimps, a generation time of 25 years and that the differences in the reference genomes are owing to fixed neutral mutations). Similarly, NAHR between LINE1 elements has been proposed as responsible for 55 human-specific deletions (Han et al. 2008 ). The extended homology between the breakpoints for these events suggests the role of meiotic recombination and implies that NAHR between repeats in unique DNA occurs at a rate at least comparable with point mutation. In contrast, the rapid structural evolution of subtelomeric regions seems to be driven more by mitotic processes, such as non-homologous end-joining (Linardopoulou et al. 2005) .
It is important to note that genome rearrangements (duplication, deletion, inversion) will only result from NAHR if DSBs are resolved as cross-over events. Gene-conversion events, in contrast, will lead to changes within the repeat of little or no functional consequence and may occur at a substantially higher rate. Studies in yeast (Kupiec & Petes 1988a,b) indicate that gene conversion events between dispersed members of Ty TEs, while much reduced in rate compared with allelic conversion events, are much higher in frequency than cross-over events between dispersed repeats. In humans no direct estimates for gene conversion between dispersed repeat elements exist, however, it may be possible to estimate the relative rate of NAHR among members of repeat elements by applying population genetic methods for detecting and estimating the rate of recombination and gene conversion among allelic sequences (McVean et al. 2002) . Using such methods indicates that non-allelic conversion events have played an important role in the history of repeat elements (THE1, Alu; table 1). The per-base-pair rate of conversion is estimated to be comparable with or substantially higher than the rate of point mutation (table 1) . This analysis is clearly exploratory and requires much additional work to validate the estimates. Nevertheless, the combined evidence suggests that NAHR between dispersed and tandemly arranged members of repeat DNA families could represent a substantial source of mutation in the human genome, perhaps even at a level comparable with point mutation.
WHY DOES NOT SELECTION ELIMINATE HOTSPOT MECHANISMS THAT TARGET REPEAT DNA?
The evidence discussed in the previous section suggests that NAHR does occur between members of short (approx. 300 bp) repeat element families that show sequence identity typically in the range of 80 -95% and that are not necessarily embedded in regions of higher sequence identity. This conclusion raises the question of why the recombination machinery has not evolved to avoid initiating DSBs within repeats.
There are three possible explanations. First, there may be selection against NAHR among repeats but no alternative mechanism is available. Such an explanation seems unlikely given that many, perhaps the majority, of recombination hotspots in humans (and other eukaryotes) are not initiated in repeat DNA. Second, there may be some selective benefit to the repeat DNA for an association with hotspots, for example by enabling their spread through the genome. However, while active elements could benefit (e.g. through generating open chromatin and the potential for transcription or conversion within meiotic cells), this hypothesis seems at odds with the observation that the most recombinogenic motif/repeat background combination is on the inactive THE1 elements, while other elements (e.g. LINE1) show strong local suppression of cross-over hotspots despite being active (figure 1). The third explanation is that the association of hotspots with repeat DNA is driven by other factors and that while it does generate a mutational load, this load is sufficiently small that selection for alternative mechanisms is weak.
But what kind of evolutionary process could 'drive' the recombination machinery to one in which a substantial fraction of DSBs occur in repeat DNA? One possible clue is the remarkably rapid evolution seen at primate hotspots. Between humans and chimpanzees there appears to be little or no sharing of crossover hotspots (Ptak et al. 2004 (Ptak et al. , 2005 Winckler et al. 2005) . These findings potentially point to a systematic change in the recombination machinery such that the primary hotspot motif in chimps (if there is one at all) is likely to be different from that in humans. To date, the reason for such a change is unclear, but it is well known that recombination hotspots carry an inherent self-destructive drive that could promote rapid evolution of the system. Specifically, cis-acting polymorphism within a hotspot can influence the tendency of a chromatid to experience DSBs as seen, for example, in males heterozygous for mutations that abolish the short motif at the DNA2 hotspot ( Jeffreys & Neumann 2002 ). In such cases the 'hotter' allele will typically be the one that experiences Review. Hotspot evolution and repeat DNA G. McVean 1215 DSB formation and it will be repaired by (and consequently converted to) the 'colder' allele (Boulton et al. 1997; Jeffreys & Neumann 2002; Ptak et al. 2005; Coop & Myers 2007) leading to drive against the hot allele at the population level. This phenomenon has led to the 'hotspot paradox' that poses the question of why such drive has not eliminated all hotspots (Boulton et al. 1997) . One solution to the paradox is that as the number of active hotspot motifs decreases, there is an increasing selective advantage (arising from the failure to achieve appropriate meiotic disjunction) for a change in the machinery to recognize a Figure 1 . The fine-scale structure of recombination-rate variation around repeat elements in the human genome. For each of the repeat element families shown, the average autosomal recombination rate, measured over 1 kb intervals from the centre of repeats, is shown for all repeats (blue) and those containing the degenerate 13 mer motif CCNCCNTNNCCNC (red). Note the markedly different recombination profiles across repeat families. In each case, however, the presence of the 13 mer motif leads to marked local increase in recombination rate. The fraction of repeats containing the degenerate motif varies from approximately 2 per cent (THE1B, L2, L1) to over 10 per cent (AluY).
different primary motif and activate a new set of hotspots.
In what direction might one expect a motif that recruits hotspots to evolve? While the space of possible motifs is huge, there are important constraints that may shape the direction of evolution. Specifically, hotspot motifs must be common, dispersed across the genome, not have some other function (e.g. binding sites for transcription factors) and, at least from the data available in humans, avoid genes. Short repeat sequences, particularly families of extinct TEs (including long terminal repeats), are likely to contain many such motifs. Consequently, as the selection pressure to acquire new hotspots becomes large, the cost associated with any NAHR-mediated mutation arising from using motifs present in repeat DNA is overwhelmed. Over longer evolutionary time scales, the motif and repeat families involved may well change, but it is at least plausible that the rapid evolution of recombination machinery may draw hotspot motifs towards sequences common in repeat DNA.
NEXT STEPS
The suggestion here is that strong selection pressure on the recombination machinery to change may draw motif-based mechanisms for hotspot formation towards repeat DNA. This is a highly speculative suggestion, but also one that is readily testable with appropriate comparative data on the genome-wide location of recombination hotspots. In primates, efforts are underway to collect genome-wide polymorphism data from a number of species, which can be used to identify and localize recombination hotspots. However, it seems essential to have such information for more closely related groups of species, such as mice. Such data will enable us to ask whether hotspots are general features of eukaryotic genomes, whether there are typically sequence motifs associated with hotspots, whether these evolve rapidly and whether highly penetrant forms of such motifs often occur in repeat-DNA.
However, the obvious alternative idea, that TEs (or the sequences in them) in some way benefit from incorporating such motifs deserves scrutiny. Therefore, we require a better understanding of the mechanistic relationship between the 13 mer motif and hotspot activity so that we can ask what, if anything, binds to the 13 mer, whether it influences transcription in the germ line and whether its presence is associated with TE activity. Irrespective of which hypothesis turns out to be correct, the paradoxical association between recombination hotspots and repeat DNA in humans substantially shifts the way in which we need to think about the general relationship between recombination, repeat DNA and genome evolution.
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